Bacillus subtilis sporulation is a developmental process that culminates in the formation of a highly resistant and persistent endospore. Inhibiting DNA synthesis prior to the completion of the final round of DNA replication blocks sporulation at an early stage. Conditions that prevent compartmentalization of gene expression, i.e. inhibition of asymmetric septum formation or chromosome partitioning, also block sporulation at an early stage. Multiple mechanisms including a RecA-dependent, a RecA-independent, and the soj-spo0J operon have been implicated in signal transduction, connecting DNA replication and chromosome partitioning to the onset of sporulation in B. subtilis. We suggest that a single mechanism involving Hpr (ScoC) and Sda couple cell cycle signaling to sporulation initiation. We show that transcription of phosphorelay sensory chain genes is adversely affected by post-exponential perturbation of the cell cycle. DNA replication arrest by chemical treatments, such as hydroxyphenylazouracil, hydroxyurea, nalidixic acid, and through genetic means using dnaA1 ts and dnaB19 ts temperature-sensitive mutants caused substantial down-regulation of spo0F and kinA expression and elevated the expression of spo0A and spo0H (sigH). Despite the elevation in spo0A expression, Spo0AVP-dependent sinI expression was substantially down-regulated indicating that in vivo Spo0AVP levels may be diminished. Similar alterations in gene expression patterns were observed in an ftsA279 ts mutant background, indicating that cytokinesis and sporulation may also be coupled by a similar mechanism. Loss of function mutation in hpr (scoC) restored sporulation in a dnaA1 ts mutant, blocked the DNA replication arrest induction of spo0A expression and restored expression of spo0F, kinA and sinI. Moreover, hpr expression was up-regulated in response to DNA replication arrest. The increase in hpr expression required Sda. These results suggest a role for Hpr (ScoC) in mediating the coupling of cell cycle events to the onset of sporulation. ß 2004 Published by Elsevier B.V. on behalf of the Federation of European Microbiological Societies.
Introduction
Bacillus subtilis cells possess the ability to transduce environmental cues into a number of cellular responses. Nutrient limitation induces sporulation, a developmental process that culminates in the formation of endospores, which are resistant to many environmental conditions that are lethal to vegetative cells [1] . Central to the initiation of sporulation is the activation of a multicomponent phosphorelay. This sensory transduction chain includes a DNA-binding response regulator, Spo0A, at least three sensor kinases (KinA, KinB, and KinC), an additional response regulator (Spo0F) and a phosphotransferase (Spo0B) [2] . This extended form of a two-component regulatory system provides multiple targets for regulation by environmental cues such as nutrient deprivation, cell density-dependent quorum sensing, catabolite repression, DNA metabolism sensing and cytokinesis [3^11] .
Inhibition of the ¢nal round of post-exponential DNA replication by hydroxyphenylazouracil (HPUra), a DNA polymerase III inhibitor [12, 13] , has been shown to downregulate stage II-speci¢c sporulation gene expression and inhibit sporulation [4] . The inhibitory e¡ect of HPUrainduced DNA replication arrest on stage II-speci¢c spor- ulation gene expression is overcome by a deletion in recA or a gain of function mutation in spo0A (rvtA11). Blocking DNA replication by genetic means, i.e. mutations in dnaB (dnaB19 ts ) or dnaA (dnaA1 ts ), which encode proteins required for the initiation of DNA synthesis [14, 15] , also results in down-regulation of stage II sporulation gene expression. These e¡ects can be overcome by rvtA11 but not by a recA deletion [16] . These observations have led to the postulate that activation of the stage 0 master regulator Spo0A may serve as a primary target for signal transduction, coupling DNA metabolism to sporulation through at least two pathways (RecA-dependent and RecA-independent) [4, 16] . More recently and in support of this notion, Burkholder et al. [17] have described a DNA replication stress signaling pathway involving DnaA and Sda. They found that perturbations in DNA replication resulted in elevated levels of Sda, which prevented autophosphorylation of KinA, and perhaps other sensor kinases, thereby reducing the phosphate £ow from KinAVP to Spo0A, thus inhibiting sporulation.
Ireton et al. and Mysliwiec et al. have postulated that another mechanism, involving the spo0J operon, may function as a checkpoint, coupling sporulation to chromosome partitioning in B. subtilis [18, 19] . A loss of function mutation in spo0J is defective in both sporulation and stage II sporulation gene expression [18] . Mutations in spo0A, such as rvtA11, that bypass the need for the components of the phosphorelay [20] , and a loss of function mutation in soj, the ¢rst open reading frame in the spo0J operon, suppressed the spo0J sporulation-de¢cient phenotype and restored stage II sporulation gene expression [18] . These results suggest that Soj inhibits production or accumulation of Spo0AVP and that Spo0J antagonizes the action of Soj.
A common feature of post-exponential DNA damage, DNA replication, and cytokinesis sensing appears to be the in vivo regulation of Spo0AVP production or accumulation. In the studies reported here, we have investigated how interference with the post-exponential cell cycle a¡ects transcription of phosphorelay genes, stage 0 sporulation genes, spo0H (c H ) and the sinIR operon which controls developmental progression to stage II. The data suggest that a transcriptional regulatory pathway involving Hpr (ScoC) and the previously reported DnaA/Sda regulon [17] mediates the coupling of cell cycle and sporulation events. Furthermore, these studies suggest that RecA and Soj/Spo0J function as checkpoints downstream of cell cycle and sporulation signal transduction.
Materials and methods

Bacterial strains
The strains used, their genotypes, and their sources are listed in Table 1 . The presence of the recA: :Em loss of function mutation was con¢rmed by replica plating on minimal growth medium+mitomycin C (0.05 Wg ml 31 ) supplemented with appropriate auxotrophic requirements. Strains carrying the recA: :Em mutation cannot grow in the presence of mitomycin C. Presence of the dnaA1 ts and dnaB19 ts mutations was con¢rmed by the inability of these mutants to grow at 53 ‡C and 42 ‡C respectively.
Construction and analysis of L-galactosidase lacZ fusion strains
The following lacZ fusions were used in these studies : a spo0A : :lacZ transcriptional fusion, containing both the vegetative and sporulation promoters, ectopically introduced into the amyE locus [4, 21] ; spo0F: :lacZ, spo0H: : lacZ, kinA: :lacZ and sinI: :lacZ [22^26] translational fusions introduced into the amyE locus as previously described [27] .
pSS100
This plasmid carries an hpr: :lacZ translational fusion constructed by polymerase chain reaction ampli¢cation [28] and insertion of a 220-bp fragment containing the last 12 bp of the yhaH gene, which is upstream of the hpr locus, and the ¢rst three codons of hpr into a promoterless lacZ plasmid. This fusion was ectopically introduced into the amyE locus by selecting for the vector-associated chloramphenicol resistance gene [21, 27, 29] . The expression of lacZ fusions was determined as previously described [30] . Speci¢c activity is expressed as nanomoles 
Cell growth, induction of sporulation and sporulation quantitation
Strains were streaked onto LB agar and incubated overnight at 37 ‡C. On the following day, a loop-full of cells was inoculated into 2USG sporulation medium [20] . Growth was monitored with a Klett Summerson nephelometer using a green ¢lter. For control cultures, 1 ml of culture medium was transferred at 180^195 Klett units (t 0 ) to a 250-ml side-armed £ask containing 24 ml of 2USG. Experimental £asks also received a 1-ml inoculum. At t 30:5 (V85^95 Klett units), HPUra, hydroxyurea, or nalidixic acid was added to experimental £asks at 5 Wg ml 31 , 5 Wg ml 31 , and 10 Wg ml 31 ¢nal concentrations respectively. Flasks containing the cold-sensitive dnaA1 ts mutant were grown at 37 ‡C (non-permissive temperature) throughout the experiment. Mutations containing (Spc), (Kan), or (Tet) resistant markers were selected on LB containing 100 Wg ml 31 spectinomycin, 10 Wg ml 31 kanamycin, or 10 Wg ml 31 tetracycline ¢nal concentrations respectively. Viable cell counts were determined by serial dilution in MOPS liquid medium at t 3 and prior to spore quantitation at t 24 . Spore counts were determined by chloroform treatment and subsequent serial dilution was performed in sterile water as described [20] . Sporulation frequency was determined as the ratio of chloroform-resistant spore count to total viable cell count.
Results
The e¡ects of perturbations of DNA metabolism on the expression of phosphorelay genes
The earliest manifestation of post-exponential development in B. subtilis is the induction of stage 0 sporulation gene (spo0) expression which includes components of the phosphorelay (spo0A, spo0F, and kinA) [1] . Addition of the DNA polymerase III-speci¢c inhibitor HPUra at the end of exponential growth inhibits stage II sporulation gene expression [4, 16] and sporulation [12, 13] . We examined the e¡ect of HPUra on expression of phosphorelay components (stage 0 sporulation genes) and found that spo0F and kinA expression was down-regulated, whereas spo0A and spo0H expression increased (Fig. 1a^c , data not shown). DNA replication arrest by nalidixic acid, which inhibits DNA gyrase [31, 32] , hydroxyurea, which inhibits ribonucleoside reductase [33^36], and mutations in dnaB (dnaB19 ts ) and dnaA (dnaA1 ts ), which encode proteins required for the initiation of DNA synthesis [14, 15] , also gave similar results (Fig. 2) . These results demonstrated Fig. 1 . The e¡ect of DNA synthesis blockage by the DNA polymerase III inhibitor HPUra on the expression of phosphorelay genes. The indicated strains were grown in 2USG sporulation medium and analyzed as described previously [30] . HPUra, at 5 Wg ml 31 ¢nal concentration, was added at mid-exponential growth phase. T 0 denotes the end of exponential growth. a: spo0A : :lacZ expression in SS47 (wild-type) (7) and SS47+HPUra (8) . b: spo0F: :lacZ expression in SS48 (wild-type) (7) and SS48+HPUra (8) . c: kinA: :lacZ expression in SS54 (wild-type) (7) and SS54+HPUra (8) . d: sinI: :lacZ expression in SS13 (wild-type) (7) and SS13+HPUra (8) .
that inhibition of post-exponential DNA synthesis could have either positive or negative e¡ects on the expression of stage 0 sporulation genes.
sinI expression requires the binding of Spo0AVP near the P1 promoter [37] . We examined the e¡ect of HPUra on Spo0AVP-dependent sinI: :lacZ expression and found it to be substantially reduced (Fig. 1d) indicating that despite an elevation in spo0A transcription, in vivo Spo0AVP level was reduced in the presence of HPUra. This result is in agreement with previous reports indicating that DNA blockage by HPUra leads to repression of Spo0AVP-dependent stage II sporulation gene expression [4] .
The rvtA11 mutation, an altered function mutation in the spo0A locus, has been shown to overcome the inhibitory e¡ect of HPUra on stage II-speci¢c sporulation gene expression [4] . Unlike stage II-speci¢c gene expression, spo0F and kinA (stage 0-speci¢c) expression was not restored in the rvtA11 mutant background in the presence of HPUra (data not shown). Fig. 2 . The e¡ect of DNA synthesis blockage by hydroxyurea or nalidixic acid on the expression of phosphorelay genes. The indicated strains were grown in 2USG sporulation medium and analyzed as described previously [30] . Hydroxyurea and nalidixic acid were added at 10 Wg ml 31 and 10 Wg ml 31 ¢nal concentrations respectively at mid-exponential growth phase. T 0 denotes the end of exponential growth. a: spo0A: :lacZ expression in SS47 (wild-type) (7) and SS47+hydroxyurea (8) . b: kinA: :lacZ expression in SS54 (wild-type) (7) and SS54+hydroxyurea (8) . c : kinA: :lacZ expression in SS54 (wild-type) (7) and SS54+nalidixic acid (8) . d: spo0F: :lacZ expression in SS48 (wild-type) (7) and SS202 (dnaB ts ) (8) strains grown at the non-permissive temperature 42 ‡C. e: spo0F: :lacZ expression in SS215 (wild-type) (7) and SS217 (dnaA1) (8) strains.
Soj and Spo0J are homologous to partition proteins [38] and may be required for normal chromosomal segregation during vegetative growth and sporulation [18, 19] . We examined whether Spo0J/Soj also participated in the regulation of phosphorelay gene expression. A spo0J deletion had no e¡ect on spo0F and kinA expression (data not shown) indicating that either the phosphorelay is not involved in mediating signaling between chromosome partitioning and sporulation or Soj-Spo0J may function as a checkpoint downstream of the phosphorelay.
DNA replication and sporulation coupling involves Hpr (ScoC)
The RecA-dependent SOS response is a primary mechanism by which cell cycle progression is arrested in response to DNA damage [39, 40] . The repressive e¡ect of HPUra on stage II sporulation gene expression has been shown to be partially alleviated in a recA mutant background suggesting that the SOS response may be involved [4] . In our studies, a loss of function mutation in recA did not relieve the repressive e¡ect of HPUra on kinA or spo0F expression (data not shown), indicating that the RecA/SOS response did not regulate this upstream arm of the sporulation signal transduction pathway.
The presence of excess metabolizable carbon sources, e.g. glucose, inhibits sporulation at an early stage [414 3]. We have found that catabolite repression of sporulation is mediated by increased hpr (scoC) expression and can be overcome by loss of function mutations in this gene [5, 6] . To examine the possibility that Hpr (ScoC) might also be involved in coupling sporulation to DNA replication events, we examined hpr (scoC) expression in the presence of HPUra or in the dnaA1 ts mutant background and found it to increase substantially (Fig. 3a,b) . Furthermore, hpr-16, a loss of function mutation in hpr [37] , signi¢cantly restored the expression of spo0F and kinA in the presence of HPUra and in dnaA1 ts hpr-16 or dnaB19 ts hpr-16 double mutant backgrounds (Fig. 4b^d , data not shown). HPUra repression of sinI expression was also alleviated in the hpr-16 mutant background (data not shown). The hpr-16 mutation also blocked the HPUra-induced up-regulation of spo0A expression (Fig. 4a) . The hpr-16 mutation had no e¡ect on the expression of spo0F and kinA in wild-type strains (data not shown). We also found that the hpr-16 mutation restored sporulation in the dnaA1 ts mutant background to the wild-type level ( Table 2 ), suggesting that this mutation only a¡ects the sporulation signal transduction pathway and not the DNA replication process itself. The hpr-16 mutation was, however, not able to restore sporulation under other conditions which interfere with the DNA replication ( Table  2) , as these conditions lead to formation of anucleated spores that are not viable. These results suggest that Hpr (ScoC) is involved in a regulatory pathway connecting DNA replication arrest and the expression of phosphorelay genes.
Like the hpr-16 null mutation, an sda deletion has been shown to restore sporulation in the cold-sensitive dnaA1 ts mutant background and stage II sporulation gene expression in the dnaB19 ts mutant background [17] . hpr expression was reduced in the vsda mutant background and did not increase in a dnaA1 vsda double mutant background (Figs. 6a and 3b) indicating that Sda positively regulates hpr expression. In contrast, hpr expression increased substantially in a loss of function mutation in spo0A (Fig. 6b) indicating that Spo0A negatively controls hpr expression. Fig. 3 . The induction of hpr gene expression in response to cell cycle perturbation. The indicated strains were grown in 2USG sporulation medium and analyzed as described previously [30] . HPUra, at 5 Wg ml 31 ¢nal concentration, was added at mid-exponential growth phase. T 0 denotes the end of exponential growth. a: hpr: :lacZ expression in SS104 (wild-type) (7) and SS104+HPUra (8) . b: hpr: :lacZ expression in SS220 (dnaA+, wild-type) (8) and SS221 (dnaA1) (O) strains grown at 37 ‡C. c: hpr: :lacZ expression in SS104 (wild-type) (8) and SS503 (ftsA279 ts ) (O) strains grown at 44 ‡C (Escherichia coli L-galactosidase enzyme activity is diminished at these temperatures).
The e¡ect of cell division perturbation on the expression of phosphorelay genes
The cell division gene ftsA is essential for the process of cell division (cytokinesis) and sporulation in B. subtilis [44, 45] . We examined expression of components of the phosphorelay in this temperature-sensitive mutant background. At a non-permissive temperature, 44 ‡C, we observed similar patterns of gene expression (Fig. 5a^d) further suggesting that a sensory chain involving the phosphorelay also connects cytokinesis to sporulation. hpr expression was also increased in the ftsA279 ts background (Fig. 3c) . A loss of function mutation in hpr, however, did not restore sporulation or kinA gene expression in ftsA279 ts hpr-16 double mutant backgrounds (Table 2 , data not shown).
Discussion
DNA replication and cell division are required for spore formation in B. subtilis [4, 16, 18] . Post-translational regulation of Spo0AVP activity is one mechanism by which cell cycle and sporulation events are coupled [17, 18] . Our results indicate that multiple cell cycle signals controlling the initiation of sporulation also a¡ect the transcriptional regulation of the phosphorelay components.
Hpr (ScoC) mediates transcriptional coupling between DNA replication and phosphorelay gene expression
The hpr gene product was originally identi¢ed as a locus (hpr, scoC and catA) for mutations causing protease overproduction and catabolite-resistant sporulation [46^48] . A recent study involving genome-wide expression array analysis of wild-type and hpr null mutants has revealed that Hpr (ScoC) directly or indirectly regulates over 550 genes [49] . Stage 0 sporulation-speci¢c genes, however, were not among these reported to be under Hpr control. Our data further expand the complement of genes and physiological functions controlled by this global gene regulator. hpr upregulation, resulting from perturbations of cell cycle events, may be necessary to prevent sporulation under inappropriate conditions (Fig. 3) . This notion is supported by the fact that over-expression of hpr on a multicopy plasmid inhibits sporulation [48] . We have also found that catabolite-induced up-regulation of hpr is associated with the inhibition of sporulation initiation under excess carbon conditions [5, 6] .
The data presented indicate the involvement of Hpr Fig. 4 . DNA replication regulation of phosphorelay gene expression is mediated by Hpr (ScoC). The indicated strains were grown in 2USG sporulation medium and analyzed as described previously [30] . HPUra, at 5 Wg ml 31 ¢nal concentration, was added at mid-exponential growth phase. T 0 denotes the end of exponential growth. a: spo0A : :lacZ expression in SS47 (wild-type)+HPUra (8) and SS120 (hpr-16)+HPUra (R). b: spo0F: :lacZ expression in SS48 (wild-type)+HPUra (8) and SS121 (hpr-16)+HPUra (R). c: spo0F: :lacZ expression in SS221 (dnaA1) (8) and SS219 (dnaA1 hpr-16) (R) strains grown at 37 ‡C. d: spo0F: :lacZ expression in SS202 (dnaB ts ) (8) and SS504 (dnaB ts hpr-16) (R) strains grown at 42 ‡C.
(ScoC) in a sensory chain that couples DNA replication to the initiation of sporulation. We found that blocking DNA synthesis by addition of HPUra, a DNA polymerase III inhibitor [12] , hydroxyurea, a ribonucleoside reductase inhibitor [33^36], and nalidixic acid, which inhibits DNA gyrase [31, 32] , at mid-exponential growth phase, or growing the dnaA1 ts or dnaB12 ts mutants at non-permissive temperatures, abolished the post-exponential induction of spo0F and kinA but elevated the expression of spo0A and spo0H (sigH) (Figs. 1a^c and 2 ). Despite the elevation in the expression of spo0A and spo0H (Fig. 1a, data not shown), Spo0AVP-dependent sinI expression was substantially down-regulated (Fig. 1d) . The down-regulation of sinI expression is consistent with previous ¢ndings that Spo0AVP accumulation is adversely a¡ected under conditions of DNA replication arrest [4, 16] .
Unlike stage II-speci¢c gene expression, the inhibitory e¡ect of HPUra on stage 0-speci¢c sporulation gene expression was not relieved by the rvtA11 mutant allele of spo0A, which has been shown to overcome the repressive e¡ects of cell cycle defects on stage II-speci¢c sporulation gene expression [4, 16] . These results suggest that inhibition of stage II sporulation gene expression, caused by perturbations of DNA synthesis, occurs as a consequence of reduced Spo0AVP levels under these conditions. A loss of function mutation in hpr restored spo0F, kinA, and Spo0AVP-dependent sinI expression in the presence of HPUra or in the dnaA1 ts or dnaB19 ts mutant backgrounds (Fig. 4b^d , data not shown) as well as sporulation to dnaA1 ts mutant (Table 2 ). These results indicate that a common mechanism involving Hpr (ScoC) regulates the coupling of DNA replication and sporulation initiation. Consistent with this interpretation, hpr expression is signi¢cantly up-regulated in the presence of HPUra or in the dnaA1 ts mutant background (Fig. 3a,b ). Sda prevents sporulation by post-translationally inhibiting autophosphorylation of KinA, and perhaps other sensor kinases [17] . Deletion of sda has been shown to restore stage II-speci¢c sporulation gene expression and sporulation in the dnaA1 ts mutant background [17] . The ¢ndings that hpr expression is reduced in a vsda mutant, up-regulated in the dnaA1 ts mutant background, and repressed in a dnaA1 vsda double mutant (Fig. 6a) indicate that Sda positively regulates hpr expression. Sda may activate hpr expression through its repression of Spo0A. hpr expression was substantially increased in a loss of function spo0A mutant background (Fig. 6b) . DnaA/Sda and Hpr may be components of a sensory pathway that regulates sporulation initiation in response to the status of DNA replication. 
Cell division and sporulation are coupled through the phosphorelay
Similar to DNA replication arrest, impairment in cytokinesis, caused by the ftsA279 ts mutation, resulted in substantial down-regulation of spo0F and kinA expression and elevated spo0A and spo0H (sigH) expression (Fig.  5a^d ). An hpr null mutation was unable to rescue spo0F and kinA gene expression and sporulation in the ftsA279 ts hpr-16 double mutant ( Table 2 , data not shown). The repressive e¡ect of cell division perturbations on stage 0-speci¢c gene expression may be mediated by an Hpr-independent mechanism, or alternatively induction of spo0F and kinA expression may require functional FtsA.
HPUra-induced repression of stage II sporulation gene expression was alleviated in a recA null mutant genetic background [4] . A loss of function mutation in recA (recA: :Em), however, did not prevent DNA replication arrest repression of kinA expression (data not shown) or a¡ect temperature-sensitive sporulation in the ftsA279 ts mutant background (Table 2) . Together the data also suggest that perturbations in DNA replication or cell division may operate through a pathway independent of RecA.
Di¡erential regulation of components of the phosphorelay in response to DNA synthesis and cell division perturbations
In response to DNA synthesis and cell division perturbations, spo0F and kinA expression decreased substantially whereas spo0A and spo0H expression increased (Fig. 1a^c , data not shown). It is possible that elevation in spo0A and spo0H gene expression may be a part of a compensatory system designed to overcome defects in phosphorelay function. Spo0A can be phosphorylated directly by KinC [50, 51] . A kinA kinC double mutant sporulates at signi¢-cantly lower levels than either of the single mutants [50] . Over-expression of kinC can suppress the sporulation defect caused by mutations in kinA, spo0F, and spo0B [50] . If a feedback mechanism exists to compensate for insu⁄cient Spo0AVP levels, the results presented here suggest that it is unable to fully compensate for the e¡ect of cell cycle blockage on sinI expression (Fig. 1d) .
The transcriptional coupling of cell cycle and developmental events allows B. subtilis to avoid inappropriate entry into the sporulation pathway. A diagram summarizing control circuits impacting the phosphorelay assemblage is shown in Fig. 7 . In response to DNA replication Fig. 5 . The e¡ect of cell division perturbation on the expression of phosphorelay genes. The indicated strains were grown in 2USG sporulation medium and analyzed as described previously [30] . Cultures were grown at a permissive temperature (37 ‡C) until mid-exponential growth phase. At this point, they were placed at a non-permissive temperature, 44 ‡C, for the remainder of the experiment. T 0 denotes the end of exponential growth. a: spo0A: : lacZ expression in SS47 (wild-type) (7) and SS210 (ftsA279 ts ) (8) strains grown at a non-permissive temperature (44 ‡C). b: spo0F: :lacZ expression in SS48 (wild-type) (7) and SS211 (ftsA279 ts ) (8) strains grown at a non-permissive temperature (44 ‡C). c : kinA: :lacZ expression in SS54 (wild-type) (7) and SS212 (ftsA279 ts ) (8) strains grown at a non-permissive temperature (44 ‡C). d: L-Galactosidase production of spo0H: :lacZ in SS49 (wildtype) (7) and SS216 (ftsA279 ts ) (8) strains grown at a non-permissive temperature (44 ‡C).
arrest, there is an increase in expression of hpr (Fig. 3a) and sda [17] . Hpr interdicts progression toward sporulation by inhibiting spo0F and kinA expression thus limiting the production of the phosphorelay assembly. The £ow of phosphate to Spo0A is also inhibited at the post-translational level by the action of Sda, which prevents KinA autophosphorylation [17] and further activates hpr expression. Together, Hpr and Sda e¡ectively prevent sporulation under inappropriate conditions. Similar to DNA replication arrest, perturbations in cell division block sporulation by targeting the phosphorelay. These positive and negative feedback loops provide B. subtilis cells with the ability to regulate stationary phase cell state selection and the initiation of sporulation. Delaying commitment to sporulation is clearly advantageous for it allows cells not only to explore alternative cell states, such as induction of motility or extracellular enzyme production, but also to prevent premature or inappropriate sporulation.
